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FOREWORD 


This report was prepared by the Pratt & Whitney Aircraft 
Division of United Aircraft Corporation, East Hartford, 
Connecticut, to present data and performance of a com- 
pressor stage with a cantilevered stator and a rotating inner 
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SINGLE-STAGE EVALUATION 

OF HIGHLY LOADED, HIGH-MACH-N UMBER COMPRESSOR STAGES 
VI. DATA AND PERFORMANCE 
CANTILEVERED STATOR 

A. S. Merrow 

Pratt & Whitney Aircraft Division 
United Aircraft Corporation 

SUMMARY 

A compressor stage with a rotor tip speed of 1600 ft/sec was tested to evaluate its performance 
with a cantilevered stator and a rotating inner shroud beneath the stator. Both the rotor blades 
and the stator vanes were composed of multiple circular arc airfoil sections. 

Comparison of data taken during this test of the cantilevered stator and previous tests with 
the same compressor and airfoil geometry in a shrouded stator configuration showed only 
slight differences in stage performance with no significant effect on overall efficiency. However, 
the severity of the stator wake near the rotating hub was decreased at all flows including the 
near surge condition. Stall and wide open discharge corrected weight flows were the same 
as for the shrouded stator configuration. 

INTRODUCTION 

Results from research compressors have shown that compressor rotor blades can be designed 
to operate with high aerodynamic blade loading and/or high inlet relative Mach number and 
still achieve good efficiency with acceptable stall margin. There is, however, a severe penalty 
in stage efficiency due to stator endwall losses. 

As part of Contract NAS3- 10482, a stator endwall treatment test program was initiated to 
investigate the effectiveness of various types of endwall treatments for reducing stator losses 
and increasing the stator stall-free range of operation. The basic compressor stage used for 
this program had a design rotor tip speed of 1600 ft/sec and demonstrated a stage pressure 
ratio of 1 .946 and a stage efficiency of 84.5 percent. Stator endwall treatments tested pre- 
viously under this contract included (1) suction through a slit located at the intersection of 
the stator suction surface and the I.D. wall (Reference 1 ), (2) blowing from tubes located at 
the intersection of the stator suction surface and the inner and outer walls (Reference 2), 

(3) suction through annular slots located in the inner and outer wall at the stator leading 
edge (Reference 2), and (4) combined blowing and annular suction (Reference d). To evaluate 
the effect of these endwall treatments on the stator range, the stator vanes in each test were 
restaggered four degrees open (increased incidence) with respect to the design stagger. . Results 
indicate however, that the restagger was not sufficient to cause stator stall at design speed 
(References 1 and 2). The restaggered stator with no endwall treatment is referred to herein 
as the baseline configuration. 



The final configuration to be evaluated is that of a cantilevered stator and rotating inner 
shroud. The results of tests from this configuration are reported herein. 

TEST APPARATUS AND PROCEDURE 


TEST COMPRESSOR 

The compressor used in this program, Figure 1 , was a highly loaded, high Mach number single 
stage compressor with no inlet guide vanes, 30 MCA rotor blades and 44 MCA stator vanes. 

It is the same compressor stage used in the work presented in Reference 3 except that a rotating 
inner shroud and cantilevered stator replaced the shrouded stator. A photograph of the assem- 
bled cantilevered stators and rotating inner shroud is shown in Figure 2. The purpose of the 
rotating shroud was to reduce the boundary layer build up on the inner wall. The original- 
design stator airfoil sections were restacked on the leading edge to allow the vanes to deflect 
free of the rotating shroud and the rotating shroud was coated with an abrasive material to 
insure rapid abrasion of the vanes if rubbing did occur. 

The stator vanes were restaggered 4 degrees open, the same as were the vanes of References 1 
and 2. The intent of the restagger in previous tests was to promote stator stall from which 
the effects of endwall treatment could be better evaluated. Results from References 1 and 2 
proved that the 4 degree stagger was not sufficient to cause stator stall. The restagger of the 
stator vanes in the present tests are, however, consistent with Reference 1 and 2. The restaggered 
shrouded stator with no endwall treatment (Reference 2) is referred to herein as the baseline 
configuration. 

A summary of rotor and stator design geometry is provided in Table 1 , including the 4 degree 
stator restagger. Design details of the basic compressor stage are given in Reference 4. The 
design aerodynamics are tabulated in Table 5, Appendix 3. Table headings are identified in 
Table 4, Appendix 3. 

INSTRUMENTATION AND CALIBRATION 

Axial and circumferential location of instrumentation for measuring aerodynamic performance 
is shown in Figures 3 and 4. Photographs of typical instrumentation are shown in Figure 5. 

Airflow was measured within 1 percent, using a flow nozzle designed to ISA specification. 
Compressor speed was measured with an electromagnetic pickup that counts the number of 
gear teeth passing in an interval of time and converts the count into revolutions per minute. 
Measurement accuracy is better than 0.2 percent of indicated speed between 4,000 rpm and 
1 3,000 rpm. 

All temperatures were measured u sing chromel-alumel Type K thermocouples and recorde d 

in milhvoltsTby the automatic data-acquisition system. Temperature elements were calibrated 
over their full operating-temperature range for Mach number and total-pressure effects. The 
thermocouple leads were calibrated for each temperature element. Overall RMS temperature 
accuracy was estimated to be ± 1 ,0°F. 


2 



• TABLE 1 

MCA ROTOR AND STATOR DESIGN PARAMETERS 


ROTOR - STATORS 8 AND 9 


% Span 

Dia — 1 

Dia -2 

0* 8 

0*9 

0* 8ss 

0* sh 

Solidity 

5 (hub) 

17.47 

19.77 

48.97 

1.87 

55.40 

45.74 

2.276 

10 

18.47 

20.41 

49.59 

9.63 

56.02 

46.76 

2.173 

15 

19.47 

21.05 

50.44 

16.51 

56.59 

47.76 

2.080 

30 , 

__ 22.31, .. 

- 22.96 

_ . 53.7.7 _ 

. .29.73 . 

— . 5.7.87 

. 50.53 

-.1.855- . 

50 

25.79 

25.52 

56.40 

42.30 

59.30 

54.68 

1.638 

70 

28.95 

28.08 

59.08 

50.53 

61.07 

59.17 

1.476 

85 

31.29 

29.99 

61.63 

54.11 

62.96 

63.01 

1.379 

90 

31.88 

30.63 

62.53 

55.10 

63.65 

64.18 

1.355 

95 (tip) 

32.50 

31.27 

63.21 

55.84 

64.14 

64.96 

1.332 

STATOR 

- STATIONS 

10 AND 11 






% Span 

Dia — 1 

Dia -2 

' 0* 10 

0* 11 

0* lOss 

0*sh 

Solidity 

5 (hub) 

20.41 

21.49 

39.23 

-16.41 

42.15 

34.47 

2.010 

10 

21.01 

21.96 

38.27 

-15.44 

41.21 

32.62 

1.959 

15 

21.59 

22.43 

37.42 

-14.89 

40.36 

30.94 

1.911 

30 

23.31 

23.90 

35.44 

-15.22 

38.44 

27.18 

1.781 

50 

25.60 

25.89 

33.60 

-16.04 

36.72 

24.01 

1.632 

70 

27.82 

27.90 

32.45 

-17.48 

35.68 

22.38 

1.508 

85 

29.41 

29.38 

32.12 

-19.91 

35.44 

22.82 

1.430 

90 

29.91 

29.86 

32.15 

-21.40 

35.48 

23.36 

1.407 

95 (tip) 

30.38 

30.29 

32.33 

-23.69 

35.69 

24.40 

1.387 


NOTE: Symbol definitions appear in Appendix 2. 


Disk probes and combination probes were calibrated for Mach number as a function of indicated 
static-to-total pressure ratio, with pitch angle as a parameter. Total pressure recovery and yaw 
angle deviation were calibrated as functions of Mach number and pitch angle. Total temper- 
ature recoveries for the combination probes were calibrated as functions of Mach number and 
pitch angle. 

All pressures from probes, fixed rakes, and static taps were measured with transducers and 
recorded in millivolts by the automatic data-acquisition system. The accuracy of the pressure 
readings was ± 0. 1 percent of the full-scale value. 

Instrumentation for overall and blade element performance is listed in Table 2. 
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TABLE 2 


PERFORMANCE AND BLADE ELEMENT INSTRUMENTATION 


Instrumentation Plane 
Location 

Parameter 

Type and Quantity 

Station 0 

Plenum chamber 

P 

6 pressure taps on plenum wall 



T 

6 bare-wire thermocouples 

Station 1 -- - 

Bellmouth instru- 
mentation ring 

P 

4 O.D. wall static tap 

Station 7 

Rotor inlet (within 
1 /2 chord) 

P» P,P 

1 disk traverse probe traversed to 9 radial 
positions* 



P 

4 O.D. and 4 I.D. wall static taps 

Station 9.1 

Stator inlet instru- 
mentation plane 

P, P, T, 0 

2 combination probes traversed to 15 radial 
positions.** (Boundary layer survey only) 

Station 10 

Stator leading edge 

P 

4 O.D. and 4 I.D. wall static taps equally spaced 
and located on extension of midchannel lines 



P 

4 O.D. and 4 I.D. wall static taps spaced across 
one vane gap. 

Station 12 

Stator exit 

P 

2 circumferential wake rakes (15 element) 
traversed to 9 radial positions* (each wake rake 
spans at least one vane gap at O.D.) 


T ■' . 

T 

7 fixed radial rakes each with temperature sensors 
at 9 radial positions.* 6 rakes spaced circumfer- 
entially to obtain readings evenly distributed 
across a vane gap. The 7th rake is a duplicate of 
the fnidgap rake and is 1 80° from one other mid- 
gap rake. ... 



. P.P.T./3 

1 combination probe traversed to 9 radial posi- .. , 
tions,* 1 combination probe traversed to 15 
radial positions** and to 15 tangential positions 
across one vane gap (Boundary layer survey only) 



P 

4 O.D. and 4 I.D. wall static taps positioned on 


an extension of the mid-channel line 

p 4 O.D. and 4 I.D. wall static taps spaced across 
one vane gap 




*The nine radial positions of each axial station are defined by the intersection of the axial 
station and the design stream lines which pass through 5, 10, 15, 30, 50, 70, 85, 90 and 
95 percent of the passage height at the rotor trailing edge. 


* : The fifteen radial positions for boundary layer surveys were defined by the intersection of 
the axial station and design streamlines passing through 2.5, 3.75, 7.5, 92.5, 96.25 and 
97.5 percent of the passage height at the rotor trailing edge in addition to the nine radial 
positions listed above. 


Instrumentation which recorded continuously during excursions into stall, including high 
response hot film probes for detecting rotating stall, is listed in Table 3. 







Proximity and strain gage instrumentation was used to detect excessive stresses and rubbing. 
Four proximity sensors were mounted on the nonrotating inner duct support to detect axial 
and radial movements of the rotating shroud. Strain gages were mounted in the rotating inner 
shroud to measure vibratory hoop and bending stresses. Thermocouples were mounted in 
the ends of the cantilevered vanes to detect interference between vane and shroud. 

TEST PROCEDURE 

A brief shakedown test was run to verify the structural integrity of the test apparatus. Levels 
of vibratory stresses on the blades and vanes and the rotating shroud were recorded during 
accelerations and decelerations between 50 and 100 percent of design speed with wide open 
throttle, part throttle, and near stall throttle setting. Two stator varie resonances were encoun- 
tered, one just above 70 percent of design speed in which peak stresses of 18,000 psi were 
recorded, and the other near 85 percent of design speed where peak stresses of 24,000 psi 
were measured. Both speeds were avoided during the remainder of the test program. No 
interference rubbing between the vanes and rotating parts occurred during the test. Aero- 
dynamic performance tests were then run with uniform inlet flow at speeds of 50, 70, 90, and 
100 percent of design speed. Stall flows were measured for each of these speeds.. Overall 
performance was measured at 24 operating points by total pressure wake rakes at nine diameters 
at the stator trailing edge. The rotor inlet disk probe and one stator exit combination probe 
was radially traversed to nine positions for 1 2 of the 24 operating points. 

Boundary layer surveys were conducted for 5 of the 24 operating points. A boundary layer 
survey point is described as one in which two combination probes at the stator inlet were 
traversed to fifteen radial positions, and one combination probe at the stator exit was traversed 
tangentially across the stator vane gap at each of the fifteen radial positions. Four boundary 
layer survey points were taken at 100 percent of design speed, and one point at 90 percent 
of design speed. 

Rotating stall surveys were conducted to determine the point of initiation of rotating stall 
and the radial extent of the stall zones. As the discharge throttle was closed from wide open 
to stall for each of the aforementioned speeds, fluctuations in mass flow (p Vm) at the rotor 
inlet were measured by means of a hot film probe having sensors at 25, 50, and 85 percent 
span from the hub. Measurements from strain gages located on selected rotors and stators, a 
speed signal, the measurements from a stator exit wall static pressure tap and the mass flow 
fluctuations measured by the hot film probes were recorded simultaneously on the same record- 
ing device. 


CALCULATION PROCEDURES 

Data were aerodynamically corrected and mass flow averaged in the same manner as discussed 
in Reference 3 (uniform inlet flow). Overall performance and blade element calculations 
(Ap'pendix - lTwere“m'ade~using~statorexit-total-pressure-wake-rake-data.— Blade-element data- 
were calculated by a flowfield calculation program and used peak wake rake values from 
stator exit wake rakes to describe the rotor exit pressure. For comparative purposes, data 
from the stator exit combination probes which were traversed both tangentially and radially 
during the boundary layer surveys, were also used to calculate overall performance. 
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Contour plots of total and static pressure, air angle, meridional velocity, and total temperature 
were generated from stator exit tangential and radially traversed probe measurements. Meri- 
dional velocity was calculated from the absolute velocity using the measured yaw angle and 
assumed design pitch angle. The absolute velocity was calculated from the measurement of 
total and static pressure and total temperature. 

RESULTS AND DISCUSSION 

The results of the centilevered stator test are presented in the form of overall performance, 
stator gapwise distributions of total pressure, blade element performance and contour plots 
of stator survey data. 

In an effort to evaluate the effects of the cantilevered stator (rotating hub) on stage perfor- 
mance, it is necessary to make some comparisons of data from the cantilevered stator config- 
uration to that from the baseline configuration (restaggered shrouded stator with no endwall 
treatment) reported in Reference 2. The comparisons are based on overall performance, stage 
spanwise distributions of total pressure ratio and efficiency near the peak efficiency point at 
design speed, and blade element total loss parameter for 5, 10, 15, 30 and 50 percent span 
locations at design speed. 

All data from the cantilevered stator configuration are presented in tabular form in Appendix 
3. All of the baseline data are presented in tabular form in Reference 2. 

Overall Performance 

Overall rotor and stage performance are presented in Figures 6 and 7 respectively for the 
cantilevered and baseline (Reference 2) stator configurations. The solid lines and circles 
represent the baseline data and the square symbols represent the data from the cantilevered 
stator configuration. There is a slight difference in rotor overall performance for the canti- 
levered stator configuration as compared to the baseline data tFigure 6). However, the rotor 
exit total pressure is based on the peak wake rake pressure at the stator exit and could be af- 
fected by changes in the gapwise distribution of total pressure in the vicinity of the rotating 
hub. Stage overall performance comparisons between the cantilevered and baseline configura- 
tions are shown in Figure 7. 

The comparison shows practically no difference in overall stage performance for 50, 70, and 
100 percent design speed, but shows a slight improvement in efficiency (1 to l-Vi points) for 
the 90 percent speed. The stall limit line is identical for the two configurations. 

A comparison of spanwise distribution of stage overall performance for the baseline and canti- 
levered stator configurations is presented in Figure 8 at the near peak efficiency condition 
for design speed. This data is from the boundary layer survey instrumentation (tangential 
and radially traversed combination probes at the stator exit) and shows no significant changes 
in the spanwise distribution of stage performance for the two configurations at peak efficiency 
conditions. 
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Stator Exit Gapwise Distribution of Total Pressure 

Stator exit gapwise total pressure comparisons are presented in Figures 9, 10 and 1 1 for near 
surge, peak efficiency and wide open throttle conditions. Severity of stator vane wakes near 
the hub is decreased with the cantilevered stator. At five percent span, peak to peak variation 
of the wake is decreased approximately 40 percent at all flow conditions. The effect is limited 
to the 10 percent of span nearest the hub. From 10 percent span outward, the total pressure 
profile is changed slightly, but the severity of the stator wake remains the same for both canti- 
levered and shrouded configurations. The rotating hub could be beneficial for following blade 
rows in a multistage application, and could improve stage stall range in cases where stall range 
is limited by stator hub stall. 

Blade Element Performance 

Blade element total pressure loss coefficient, diffusion factor and deviation angle versus suction 
surface incidence are presented at 50, 70, 90 and 100 percent design speed for the rotor and 
stator in Figures 12 and 13 respectively. The data are also included in tabular form in Appendix 
3. At 100 percent design speed, plots of total loss parameter versus suction surface incidence 
angle are compared for the baseline and cantilevered stator configurations. The comparisons 
are made for the 5, 10, 15, 30 and 50 percent span elements and are presented in Figures 14 
and 15 for rotor and stator respectively. 

The rotor blade element loss parameter for the cantilevered stator configurations differs sub- 
stantially from that of the baseline configuration at the 5,10, and 15 percent span locations 
(Figure 13). There are no substantial differences in the rotor loss parameter incidence angle 
characteristics for the configurations at 30 and 50 percent span locations. The change in 
incidence angle loss characteristics of the rotor for the 5,10 and 15 percent span locations is 
a result of the change in the circumferential distribution of total pressure behind the stator vanes 
due to the rotating hub (cantilevered stator configuration). 

The blade element total loss parameter for the cantilevered stator is substantially different 
from that of the baseline stator configuration (Figure 15) for the 5, 10, and 15 percent span 
locations. There are no substantial differences in stator loss parameter incidence angle character- 
istics for the 30 and 50 percent span locations. The change in the loss parameter incidence 
angle characteristic for the two stator configurations is again the result of the change in circum- 
ferential distribution of stator exit total pressure due to the rotating stator hub. 

A change in the circumferential distribution of the stator exit total pressure affects both the 
rotor and stator blade element data because (as discussed in the Calculation Procedure) the 
peak wake rake pressure at the stator exit is used for the rotor exit and stator inlet total pres- 
sure. Therefore, both rotor and stator diffusion factors, losses and rotor deviation angle, and 

^ stator_incidence-angle„are affected b v a chan g e in the circumferential distribution of stator 

exit total pressure. 
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Contour Plots at Stator Exit 


Tangential traverses were made at the stator exit for part throttle, maximum efficiency and 
near stall operating points at design speed and at the near stall point at 90 percent of design 
speed. Measurements of total and static pressure, total temperature, and absolute air angle 
were recorded at 3.8, 4.9, 5, 9, 8.4, 1 1 .0, 1 5.4, 31 .0, 5 1 .2, 72.7, 87.8, 92.8, 94.1 , 95.3, 96.6, 
and 97.4 percent of passage height from the hub. Tangential spacing gave 15 readings across 
a stator gap at about 90 percent span and 1 1 readings at about 4 percent span. These measure- 
ments were used to calculate velocity vectors and to construct contour plots showing patterns 
of pressure and temperature ratio, airflow angle, and meridional velocity at the stator exit 
instrumentation plane. These contours are shown in Figures 1 6 through 20. 


Rapid Response Hot-Film Data 

Traces of hot film probe measurements of rotor leading edge pressure fluctuations during a 
1 00 percent design speed surge are shown in Figure 2 1 . The tip region appears to stall slightly 
sooner than the midspan or hub region. Duration of the surge pulse was 0.13 sec. No obvious 
rotating stall pattern was seen. 


SUMMARY REMARKS 

The overall stage performance for the cantilevered stator configuration showed no significant 
improvements over that for the baseline configuration. Increased gapwise mixing near the 
rotating hub reduced the circumferential variation of flow conditions near the hub, but the 
radial profiles of circumferentially mass averaged pressure ratio and efficiency were nearly 
identical to those obtained with the baseline stator. However, the severity of the stator wake 
near the rotating hub was decreased at all flows including the near surge condition. This could 
be of some benefit in following blade rows in a multistage application or could possibly improve 
stage range in those cases where stage range is controlled by stator hub stall. 
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Figure 2 Cantilevered Siator and Rotating Shroud Assembly 
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Figure 8 Comparison of Stage Spanwise Performance 
Cantilevered Versus Shrouded Stator 
Tangential Probe Data - 100 Percent Design Speed 
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d/ cl- d 'oiiva aanssaad 



o SHROUDED STATOR, CORRECTED WEIGHT FLOW = 170.2 LB/SEC 
□ CANTILEVERED STATOR, CORRECTED WEIGHT FLOW =171.6 LB/SEC 



PERCENT GAP 


Figure 9 Stator Exit Gapwise Total Pressure Distribution, Cantilevered Versus Shrouded 
Stator Near Stall Flow Condition, 100 Percent Design Speed 
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PRESSURE RATIO, P.,,/P 



o SHROUDED STATOR, CORRECTED WEIGHT FLOW = 179.9 LB/SEC 
□ CANTILEVERED STATOR, CORRECTED WEIGHT FLOW = 179.6 LB/SEC 



0 20 40 60 80 0 20 40 60 80 100 

PERCENT GAP 

Figure 10 Stator Exit Gapwise Total Pressure Distribution, Cantilevered Versus Shrouded 
Stator Peak Efficiency Flow Conditions, 1 00 Percent Design Speed 
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PERCENT RATIO, P 19 /P 



0 20 40 60 80 100 0 20 40 60 80 100 

O SHROUDED STATOR, CORRECTED WEIGHT FLOW = 182.1 LB/SEC 
□ CANTI LEVERED STATOR, CORRECTED WEIGHT FLOW = 1828 LB/SEC 



0 20 40 60 80 100 0 20 40 60 80 100 


PERCENT GAP 


Figure 1 1 Stator Exit Gapwise Total Pressure Distribution, Cantilevered Versus Shrouded 
Stator Wide Open Throttle Condition, 100 Percent Design Speed 
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DIFFUSION FACTOR. D DEVIATION ANGLE, 4* DEGREES 



INCIDENCE ANGLE, SUCTION SURFACE, l s , DEGREES 

Figure 1 2a Rotor Blade Element Performance, 5% Span 
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6 ’ DEGREES 
















INCIDENCE ANGLE, SUCTION 8UR FACE, l 8 , DEGREES 


Figure 1 2d Rotor Blade Element Performance, 30% Span 
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INCIDENCE ANGLE, SUCTION SURFACE. I s , DEGREES 


Figure 12f Rotor Blade Element Performance, 70% Span 
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-« 7 0 2 4 6 g 10 _ 12 

INCIDENCE ANGLE. SUCTION SURFACE. I 8 , DEGREES 

Figure 1 2g Rotor Blade Element Performance, 85% Span 
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LOSS COEFFICIENT, O DIFFUSION FACTOR. D DEVIATION ANGLE, d* DEGREES 





- 4-2 0 2 4 6 8 10 12 

INCIDENCE ANGLE, SUCTION SURFACE. I s , DEGREES 

Figure 12h Rotor Blade Element Performance, 90% Span 
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LOSS COEFFICIENT. U DIFFUSION FACTOR, D DEVIATION ANGLE, d,* DEGREES 





INCIOENCE ANGLEr SUCTION SURFACEn^TDEGREES 

Figure 12i Rotor Blade Element Performance, 95% Span 
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LOSS COEFFICIENT, w DIFFUSION FACTOR. D DEVIATION ANGLE. 6 U , DEGREES 





INCIDENCE ANGLE, SUCTION SURFACE, l s . DEGREES 


Figure 13a Stator Blade Element Performance, 5% Span 
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LOSS COEFFICIENT, w DIFFUSION FACTOR, D DEVIATION ANGLE, 8°, DEGREES 





INCIDENCE ANGLE, SUCTION SURFACE, l s , DEGREES 


Figure 13b Stator Blade Element Performance, 10% Span 
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LOSS COEFFICIENT, £ 



INCIDENCE ANGLE, SUCTION SURFACE, l $ , DEGREES 


Figure 1 3c Stator Blade Element Performance, 1 5% Span 
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LOSS COEFFICIENT, u DIFFUSION FACTOR, D DEVIATION ANGLE, 6 U , DEGREES 





INCIDENCE ANGLE, SUCTION SURFACE, l $ , DEGREES 


Figure 13d Stator Blade Element Performance, 30% Span 
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LOSS COEFFICIENT, u> 



Figure 1 3e Stator Blade Element Performance, 50% Span 
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LOSS COEFFICIENT, w DIFFUSION FACTOR, D DEVIATION ANGLE, 6“, DEGREES 





INCIDENCE ANGLE, SUCTION SURFACE, Ig, DEGREES 


Figure 13f Stator Blade Element Performance, 70% Span 
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LOSS COEFFICIENT, & DIFFUSION FACTOR, D DEVIATION ANGLE. 8“, DEGREES 
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INCIDENCE ANGLE, SUCTION SURFACE, Ig, DEGREES 


Figure 1 3g Stator Blade Element Performance, 85% Span 
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LOSS COEFFICIENT, to DIFFUSION FACTOR. D DEVIATION ANGLE. 6 U . DEGREES 
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Figure 1 3h Stator Blade Element Performance, 90% Span 
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LOSS COEFFICIENT, U) DIFFUSION FACTOR, D DEVIATION ANGLE, 8“, DEGREES 
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Figure 1 3i Stator Blade Element Performance, 95% Span 
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0 SHROUDED STATOR CONFIGURATION 
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Figure 14a Rotor Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 5 Percent Span at Design Speed 





O SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 



INCIDENCE ANGLE. 
SUCTION SURFACE, i JS ~ DEGREES 


Figure 14b Rotor Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 10 Percent Span at Design Speed 
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O SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 
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Figure 14c Rotor Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 1 5 Percent Span at Design Speed 





TOTAL LOSS PARAMETER, 
OJ COS 



O SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 
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Figure 14d Rotor Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 30 Percent Span at Design Speed 
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O SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 



Figure 14e Rotor Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 50 Percent Span at Design Speed 
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Figure 1 5a Stator Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 5 Percent Span at Design Speed 
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o SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 



Figure 1 5b Stator Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 1 0 Percent Span at Design Speed 
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o SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 



INCIDENCE ANGLE, SUCTION SURFACE, i JS ~ DEGREE 


Figure 15c Stator Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 1 5 Percent Span at Design Speed 
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TOTAL LOSS PARAMETER 
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TOTAL LOSS PARAMETER, 

g?COSff 11 DIFFUSION FACTOR, D 


i 



o SHROUDED STATOR CONFIGURATION 
□ CANTILEVERED STATOR CONFIGURATION 



Figure 1 5e Stator Blade Element Performance, Cantilevered 
Versus Shrouded Stator — 50 Percent Span at Design Speed 
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Figure 16a |Total Pressure Ratio Stator Exit Contour Figure 16b. Total Pressure Ratio Stator Exit Con- 

Plots, 100 Percent Design Speed, 181.3 Pounds Per tour Plots, 100 Percent Design Speed, 179.6 Pounds 

Second Flow Rate Per Second Flow Rate 
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Figure 17c Total Temperature Ratio Stator Exit Figure 17d Total Temperature Ratio Stator Exit 

Contour Plots, 100 Percent Speed, 171 .6 Pounds Per Contour Plots, 90 Percent Speed, 149.2 Pounds Per 

Second Flow Rate Second Flow Rate 
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Figure 1 8a Stator Exit Absolute Air Angle, Stator Figure 1 8b Stator Exit Absolute Air Angle Stator 

Exit Contour Plots, 100 Percent Speed, 181 .3 Pounds Exit Contour Plots, 100 Percent Speed, 179.6 Pounds 

Per Second Flow Rate Per Second Flow Rate 
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Figure 18c Stator Exit Absolute Air Angle, Stator Figure 18d Stator Exit Absolute Air Angle, Stator 

Exit Contour Plots, 100 Percent Speed, 171.6 Pounds Exit Contour Plots, 90 Percent Speed, 149.2 Pounds 

Per Second Flow Rate Per Second Flow Rate 
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Figure 19c Static Pressure Ratio, Stator Exit Figure 19d Static Pressure Ratio, Static Exit 

Contour Plots, 1 00 Percent Speed, 171.6 Pounds Contour Plots, 90 Percent Speed, 1 49.2 Pounds 

Per Second Flow Rate p er Second Flow Rate 
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Figure: 20a Meridional Velocity, Stator Exit Figure 20b Meridional Velocity, Stator Exit 

Contour Plots, 100 Percent Speed, 181.3 Pounds Contour Plots, 100 Percent Speed, 179.6 Pounds 

Per Second Flow Rate Per Second Flow Rate 








APPENDIX 1 


PERFORMANCE PARAMETERS 


a) Relative total temperature 
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b) Incidence angle based on mean camber line 
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e) Loss coefficient 
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f) Loss parameter 
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g) Polytropic efficiency 



h) Adiabatic efficiency 
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Wake blockage factor 



where n is number of tangential traverse 
points equally spaced across a stator 
gap and PAV avg is calculated from mass 
flow averaged values of P, p, and T at 
that radius 
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APPENDIX 2 
SYMBOLS 

- area, ft^ 

- annulus area, ft“ 

- frontal area, ft^ 

- chord length, in 

- diffusion factor 

- conversion factor, 32. 1 7 lb m ft/lb sec z 

- incidence angle, angle between inlet air direction and line tangent to blade 
mean camber line at leading edge, degrees (labelled INCM, Table 4) 

- incidence angle, angle between inlet air direction and line tangent to blade 
suction surface at leading edge, degrees (labelled INCS, Table 4) 

- Mach number 

- rotor speed, rpm (NA/1T labelled NCOR, Table 4) 

- total pressure, psfa 

- static pressure, psfa 

- radius, ft 

- gas constant for air, ft lb/lb m °R 

- blade spacing, in 

- total temperature, ° R 

- static temperature, ° R 

- thickness-to-chord ratio 

- i rotor speedrff/sec 

- air velocity, ft/sec 
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Vm - meridional velocity (Vr^ + Vz^) ft/sec (labelled VM, Table 4) 

W - weight flow, lbs/sec 

/ 3 - absolute air angle, cot" ^ (Vm/V 0), degrees (labelled B, Table 4) 

/3 ' - relative air angle, cot"* (Vm/V 0), degrees (labelled B ', Table 4) 

7 - ratio of specific heats for air, 1.4 

A/3 - air turning angle, degrees 

A/3* - camber angle, degrees 

8 - ratio of inlet total pressure to standard pressure of 21 16.22 lbs/ft^ 

6° - deviation angle, angle between exit air direction and tangent to blade mean 

camber line at trailing edge, degrees 

e - angle between tangent to streamline projected on meridional plane and 

axial direction, degrees 

7? - efficiency, % 

8 - ratio of inlet total temperature to standard temperature of 5 18.6° R 

p - mass density, lbs-sec^/ft^ 

a - solidity, ratio of chord to spacing 

co - total pressure loss coefficient (labelled OMEGA - B, Table 4) 

co - angular velocity of rotor, radians/sec 

Superscripts: 

' - relative to moving blades 

* - designates blade metal angle 

Subscripts: 

ad - adiabatic 

p - polytropic or profile 
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- radial direction 

- meridional direction (in z-r plane) 

- shock 

- suction surface 

- axial direction 

- tangential direction (labelled O, Table 4) 

- plenum chamber 

- instrument plane upstream of rotor 

- station at rotor leading edge 

- station at rotor trailing edge 

- station at stator leading edge 

- station at stator trailing edge 

- instrument plane downstream of stator 
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APPENDIX 3 


BLADE-ELEMENT AND OVERALL PERFORMANCE 

Table 4 Identification of Tables 
Table 5 Design Data 
Tables 6-9 Test Data 



IDENTIFICATION OF BLADE-ELEMENT OVERALL PERFORMANCE COLUMN HEADINGS 


o\ 

> 


K 

W ^ 

1 

< 

< 

a. 

5? fcfc 

H 


O H 
H W 

OnJ O 

o Z H|(- 


VM-1 

FT/SEl 

00 

E 

> 

-o 

X 

OS 

V-2 

FT/SEC 

& 

> 

TURN 

DEGREE 

V-l 

FT/SEC 

00 

> 

DEV 

DEGREE 

EPSI-2 

DEGREE 

1 

O' 

<u 

1NCM 

DEGREE 

EPSI-1 

DEGREE 

oo 

vu 

1NCS 

DEGREE 

z 

- 

5 

to 

95 

z 


68 



TABLE 5 

BLADE ELEMENT AND OVERALL PERFORMANCE DESIGN DATA 
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NCONR *C 0 RR TO/TO pO/PO EFf-AO CFF-P 

INLET INLET INlET jNLET INlET InLET 

«PM LBH/SEc 1.1 

11,110.0 187.1 1-247 1.936 84.2’ 85.6 



TABLE 6.1 

BLADE ELEMENT AND OVERALL PERFORMANCE j 
50% of Design Speed 
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TABLE 6.3 

BLADE ELEMENT AND OVERALL PERFORMANCE 
50% of Design Speed 
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BLADE ELEMENT AND OVERALL PERFORMANCE 
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NCCRR ¥C0R«» TO/TO PO/PO fTP-AO EFf-P 

INLET INLET INLET ENLET INLET INLET ' 

RPH LBH/SEC X % 

5575- 55*75 1 *0%25 t.1278 82.71 82.93 
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BLADE ELEMENT AND OVERALL PERFORMANCE 
70% of Design Speed 
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NCORR 8 C 0 RR TQ/TO PO/PO tFF.AD EFF-P 

INLET INLET INlCT inlet inlet inlet 

RPM LBN/SEC « • 
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TABLE 7.2 

BLADE ELEMENT AND OVERALL PERFORMANCE 
70% of Design Speed 
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TABLE 7.3 

BLADE ELEMENT AND OVERALL PERFORMANCE 
70 % of Design Speed 
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*CQRR UCORJ* TO/TO PO/PO EFF -10 TFF-P 

Inlet inlet inlet inlet inlet inlet 
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TABLE 7.4 

BLADE ELEMENT AND OVERALL PERFORMANCE 
70% of Design Speed 
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NCORR iCORR TO/TO pO/PO ErP-AO EFF-P 

INLET INLET INlCT INLET inlet inlet 

RPM LBH/SEC ■ 1 

7709 * 139.68 1.0663 1 * 263 ; 8 Q .16 60.77 
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BLADE ELEMENT AND OVERALL PERFORMANCE 
70% of Design Speed 
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TABLE 8.1 

BLADE ELEMENT AND OVERALL PERFORMANCE 
90% of Design Speed 
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liCOfiR - UCOfifl TO/TO PO/PO FFP-AD FFF—P 

INLET1 INLET INLET INLET INLET INLET 

RPM LB M/ SEC » % 

9801 - 119.18 1.2021 1.6938 80.22 81.60 


TABLE 8.2 

BLADE ELEMENT AND OVERALL PERFORMANCE 
90% of Design Speed 
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BLADE ELEMENT AND OVERALL PERFORMANCE 
90% of Design Speed 
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TABLE 8.6 

BLADE ELEMENT AND OVERALL PERFORMANCE 
90% of Design Speed 
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TABLE 9.3 

BLADE ELEMENT AND OVERALL PERFORMANCE 
100% of Design Speed 
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BLADE ELEMENT AND OVERALL PERFORMANCE 
1 00% of Design Speed 
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TABLE 9.7 

BLADE ELEMENT AND OVERALL PERFORMANCE 
100% of Design Speed 
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